ABSTRACT-This study was conducted to quantify the intensity of ultraviolet (UV) erythema in guinea pigs, a method for evaluating anti-inflammatory drugs, and to clarify any correlation of erythema with cutaneous blood flow. Skin color and cutaneous blood flow in non-administered and indomethacin administered animals were measured by a colorimeter and a laser Doppler flowmeter over time after UV irradiation treatment. Skin color was indicated by a XYZ colorimetric system and L*a*b* color space. In either colorimetric system, the values of two indices, x and y or a* and b*, increased along with the inten sification of erythema. The increase in the chroma (C*) value calculated from a* and b* was UV-dose dependent. This value was significantly suppressed by indomethacin 0.5-4 hr after irradiation, and it was found to be a clear and sensitive index for evaluating the suppressive effect of drugs. Cutaneous blood flow also increased with UV irradiation. Indomethacin significantly suppressed this increase 2-3 hr after UV ir radiation. The changes of cutaneous blood flow correlated with those of C*. These results suggested C* was a suitable parameter to quantify UV erythema, and the change of skin color in UV erythema reflected the change of cutaneous blood flow.
It is well known that solar UVB has recently been in creasing on the earth due to depletion of stratospheric ozone (1) , and the increase in human cutaneous damage induced by UVB radiation is sure to be a problem in the future (2) . UVB-induced cutaneous damage leads to erythema, one of the cardinal signs of inflammation. This UV-induced erythema can also be produced in experimen tal animals, especially the guinea pig, and has often been used as a useful model to evaluate the anti-inflammatory activity of non-steroidal anti-rheumatic drugs (3) (4) (5) (6) . Non-steroidal anti-inflammatory drugs (NSAIDs) sup press the early stages of erythema very well, but this sup pressive efficacy gradually weakens after the initial stage, whether or not the skin is additionally treated with NSAID. It has been suggested, therefore, that prostaglan dins (PGs) might be responsible for the early phase of erythema depressed by NSAIDs, but other factors might be involved in prolonging the duration of erythema (7).
Because there is yet little information as to what mecha nisms are involved in erythema, we designed experiments to investigate the mechanism of UV erythema develop ment. A graded score based on visual perception has usually been used to evaluate the intensity of UV ery thema. However, visual evaluation is subjective and less quantitative. In order to conduct a comprehensive study on UV erythema, it is necessary to evaluate skin color changes over the time course of the erythemal response more quantitatively and objectively than one is able to do by visual evaluation. In this paper, a method for the quan tification of UV erythema is described.
Color is the psychophysical value produced by the trans mission of a light stimulus received by cones in the retina to the brain. It is known that there are 3 types of cones that have different spectral sensitivity. In 1931, CIE (Com mission Internationale de l'Eclairage) defined CIE 1931 color matching functions, x(d), y(A) and z(A), which indi cate the spectral sensitivity equivalent with that of the CIE 1931 standard colorimetric observer ( Fig. 1) . Tristimulus values of reflecting object color, X, Y and Z, which are three reference stimuli necessary for the color matching of any sample, are defined by the following equations from these functions:
where P(A) and p(A) are the spectral distribution of the light source and the spectral reflectance of the sample, respectively. Because k is defined as 100/J 780nmP(A) . 380nm y(A)dA, Y expresses luminous reflectance. These tristimu lus values can be measured by a tristimulus colorimeter equipped with three sensors that indicate the spectral sen sitivity equivalent with CIE 1931 color matching func tions. In this XYZ colorimetric system, CIE 1931 stan dard colorimetric system, x and y have been defined as X/(X+ Y+Z) and Y/(X+ Y+Z), respectively. The x and y express chromaticity and are known as CIE 1931 xy chromaticity coordinates (Fig. 2) .
However, equal distances in this coordinate system do not represent equal color differences as perceived. In 1976, CIE recommended L*a*b* color space as a uniform color space. In this space, equal distances are approxi mately equal to perceived color differences. L* represents psychometric lightness, and a* and b* are the psychomet ric chroma coordinates of red-green and yellow-blue, respectively (Fig. 3) . L*, a* and b* are defined from X, Y and Z by the following equations:
where X0, Y0 and Z0 are the tristimulus values of the nomi nally white object-color stimulus (8). In the first part of this study, quantification of UV erythema is investigated using these colorimetric systems. On the other hand, it has been reported in human (9 -13), dog (14) and pig (15) that cutaneous blood flow is in creased by UV irradiation. Furthermore, dermal vasodila tation has been observed in UV erythema of guinea pigs in our earlier study (16) . Hence, the second purpose of this paper is to clarify the relationship between erythemal intensity and cutaneous blood flow changes.
MATERIALS AND METHODS

Animals
Male Hartley guinea pigs weighing 245 330 g (Kita yama Labes Co., Ltd., Kyoto) were used for the first part of the experiment. Male Hartley guinea pigs weighing 440-565 g were used for the second part of the experi ment regarding the effect of UV irradiation on cutaneous blood flow. All animals were kept in a temperature-con trolled room (22:±2C) and given commercial laboratory food (RC4, Oriental Yeast Co., Tokyo) and tap water ad libitum until the start of the experiment.
Drug Indomethacin (Sigma Chemical Co., St. Louis, MO, U.S.A.) was suspended in a 0.5076 carboxymethylcellulose sodium (CMC-Na, Nacalai Tesque, Inc., Kyoto) solution and administered orally to the animals a few minutes be fore UV irradiation.
UV irradiation
Guinea pigs were shaved with an electric clipper on both sides of the flanks and back and depilated with a depilatory cream (Eba cream S, Tokyo Tanabe Phar maceutical Co., Ltd., Tokyo) in the evening before the ex periments. Just before irradiation, skin color (and cutane ous blood flow, as required) was measured, and to enable us to measure at a constant site and constant tension, several points around the test area were marked.
Except for the experiment regarding the relationship between skin color change and UV-irradiation dose, two circular areas (about 12-mm diameter) on one side of the flanks were exposed to UV irradiation for 30 sec at a dis tance of 22 cm from a 270-W high pressure mercury arc lamp (1-6, Wako Electric, Tokyo) mounted in the UV irradiation apparatus (TK-151, Unicorn, Yachiyo). This lamp emitted irradiation with a line spectrum in the regions of UVC (248 nm-), UVB, UVA and visible light (^-579 nm). The minimal erythema dose (MED) was defined as the minimal exposure time necessary to produce a perceptible erythema in the irradiated site at cer tain times from 1 to 24 hr after irradiation, and the dose of irradiated UV corresponded to almost 3-4 times the MED. The mean of two measurements from two irradiat ed areas was considered as one value from each animal for statistical analysis. An area on the other side (non irradiated side) was measured as the untreated site.
In the experiment regarding the relationship between skin color change and UV-irradiation dose, a circular area (about 11-mm diameter) was exposed to each dose of UV irradiation. The exposure time of each area on both sides was changed, but the distance from the lamp was fixed.
Quantification of skin color
At first, the skin colors of the UV-irradiated and un treated sites were measured in the guinea pigs without drug administration. In the next experiment, the effect of 10 and 15 mg/kg, p.o. of indomethacin on skin color change induced by UV irradiation was studied. Except for the experiment regarding the correlation with changes in cutaneous blood flow, the guinea pigs were treated without anesthesia.
A portable computer-controlled colorimeter for meas uring reflected object color (Chroma Meter CR-100, Minolta Camera Co., Ltd., Osaka) was used for the quan tification of skin color. Using this instrument, the measur ing area was provided with diffuse illumination by a pulsed xenon arc lamp, and only the light reflected perpen dicularly from an 8-mm-diameter measuring area was col lected by an optical fiber cable for measurement. This instrument contained six silicon photocells. Three of the photocells measured the light reflected from the sample, and the other three monitored the output of the lamp to compensate for any slight deviations in the xenon light's spectral distribution by a double-beam feedback system. Each photocell was filtered so that its spectral sensitivity closely matched that of the CIE 1931 standard colorimet ric observer (17) .
The measuring head of the colorimeter was always held perpendicular to the skin surface without any excess pres sure. The observation conditions in this instrument were chosen so as to indicate the values measured under CIE standard illuminant C, which is one of the standard illuminants for colorimetry. The values of Y, x, y, L*, a* and b* were indicated directly by this colorimeter and were printed out by a data processor designed for this sys tem (DP-100, Minolta Camera Co., Ltd.). Chroma C* and hue angle H° were calculated using this data proces sor. By utilizing the high-repeatability multiple-measure ment-averaging mode in this data processor system, the average value of 3 serial measurements for a very short time at the same site was printed out as one datum. This colorimeter was calibrated against the white standard calibration plate before each experiment. Based on the values measured by these instruments, the most appropri ate index for the measurement of erythemal intensity was selected. The relationship between the selected index and UV doses was also studied.
Visual scoring of erythema For comparison with the value measured by the colorimeter, the intensity of the erythema of each irradiat ed site was assessed visually on the basis of the following scoring system: 0, no erythema; 1, slight redness without clear border; 2, erythema with unclear border; 3, pro nounced erythema with definite border.
Measurement of cutaneous blood flow
The cutaneous blood flow of UV-irradiated and untreat ed sites was measured by a laser Doppler flowmeter (Laserflo Blood Perfusion Monitor BPM403, TSI Inc., St. Paul, MN, U.S.A.) in a temperature-controlled room (20±2°C). The guinea pigs were anesthetized with i.p. injections of urethane. Following measurement of the initial values, a group of 7 guinea pigs was administered 10 mg/kg of indomethacin orally, and another group of 7 guinea pigs was given CMC-Na solution orally as a control. The round probe was placed over the center of the test areas and attached without any excess pressure by using strips of surgical tape. The laser Doppler flow was recorded with a pen recorder for 1 5 min at each site, until the flow value had become stabilized. The mean value after stabilization was judged as the flow value.
Statistical analysis
The significant differences of continuous data between untreated and UV-irradiated sites were determined by the paired t-test. The statistical significance of continuous data between two groups was evaluated by Student's t test for unpaired data. The statistical evaluation for multi ple group comparison of continuous data was performed by one-way analysis of variance followed by Dunnett's test (18) when the variances of all groups were regarded as equal by Bartlett's test. When the variances of groups were regarded as significantly different by Bartlett's test, the Kruskal-Wallis test was performed followed by the nonparametric Dunnett's test. The statistical evaluation for multiple group comparison of score was done by the Kruskal-Wallis test followed by the Mann-Whitney U test. Differences giving a value of P < 0.05 were regarded as statistically significant. Table 1 . **P <0.01, ***P<0.001, significantly different from the untreated site.
RESULTS
Quantification of UV erythema Table 1 shows the effect of UV irradiation on skin color quantified with the XYZ colorimetric system and L *a*b * color space. (b*/a*) were calculated. The C* and H° changes induced by UV irradiation are shown in Fig. 4A and Table 1 , respectively. The C* value of the UV-irradiated site in creased significantly, along with the intensification of erythema. The increase almost became saturated 3 hr af ter UV irradiation. The time course of the C* value resem bled that of the graded score based on visual perception (Fig. 4B) . On the other hand, the differences in the value of H° between the irradiated and untreated sites were not significant at 0.5 6 hr after irradiation. However, there was a tendency for this difference to increase very slightly from 2 hr.
Dose-dependence of UV-induced cutaneous C* change As shown in Fig. 5 , the C* value was increased UV dose-dependently. Significant differences were observed at irradiation doses of 10 sec and higher. The sites ex posed for more than 20 sec showed a peak increase in C* between 5 hr and 24 hr after UV irradiation. The sites ex posed for less than 15 sec showed a peak at an earlier time.
As shown in Fig. 6 , the C* value increased almost linearly as a function of the logarithmic UV dose at each time from 1 hr after UV irradiation. Saturation was ob served at times from 2 to 6 hr at longer exposure times. The slope of the line increased until 6 hr after UV irradia tion. At 24 hr after irradiation, the line shifted slightly to the right Effect of indomethacin on the skin color change induced by UV irradiation Table 2, Table 3 and Fig. 7A show the effect of indo methacin on UV-induced skin color change quantified with the XYZ colorimetric system, L*a*b* color space and C* value, respectively. The significant suppressive effect of 10 or 15 mg/kg of indomethacin on the increases of x and a* was observed at 0.5 2 and 1 3 hr after UV irradiation, respectively. After these times, slightly lower values than in the control group were observed in the indo methacin-administered groups, but the differences were not significant. On the other hand, the value of y was not significantly changed by administration of indomethacin at all times of observation after irradiation (Table 2 ). In the indomethacin-administered groups, b* also showed no significant differences from the control, with only slightly lower values than in the control after irradiation (Table 3 ). The increase in C* value was significantly sup pressed at 0.5 3 hr and 0.5 4 hr by 10 and 15 mg/kg of indomethacin, respectively (Fig. 7A) . After that time, C* still showed slightly lower values than in the control, although the differences were not statistically significant. As shown in Fig. 7B , the time course of the graded score based on visual perception resembled that of the C* value until 3 hr after irradiation. However, the visually graded score in the control group reached its maximum at 3 hr, the time when C* value was still slightly increasing. The graded score, unlike the C* value, did not show any sig nificant suppression by indomethacin at a dose of 15 mg/kg at 4 hr after irradiation.
At the untreated site, all values did not show any sig Cutaneous blood flow change induced by UV irradiation Figure 8 shows the time courses of the cutaneous blood flow changes induced by UV irradiation in the control and indomethacin-administered animals. In the control group, the cutaneous blood flow of the UV-irradiated site showed significantly higher values than that of the untreat ed site at 0.5 6 hr after UV irradiation. Indomethacin at a dose of 10 mg/kg significantly reduced the increase in cutaneous blood flow at 2-3 hr. This reduction dimin ished from 4 hr after irradiation. These time courses resembled those of the C* changes shown in Fig. 7A . No significant difference in blood flow change at the untreat ed site was seen between the control and indomethacin treated groups.
Correlation between C* and blood flow changes in UV irradiated skin As shown in Fig. 9 , the increase of C* in UV-irradiated skin correlated well with that of cutaneous blood flow, whether indomethacin was administered or not. The time course of UV-induced C* increase under anesthesia was almost the same as that in Fig. 7A (without anesthesia) . 
DISCUSSION
UV erythema has been used as one of the cutaneous inflammatory models for pharmacological study. How ever, an objective and quantitative method for the evalu ation of erythemal intensity has not been used as yet. The intensity in other cutaneous inflammatory models was often evaluated by the increase in vascular permeability (19) (20) (21) .
In UV erythema, the increase in vascular permeability was found to be weaker than in many other models induced by the intradermal injection of chemical agents (16) , and the time course did not agree with that of erythemal intensity (16, 22) . Therefore, vascular permeability is not a suitable parameter for evaluating the intensity of UV erythema.
Graded scores based on visual perception have been used to evaluate the effect of drugs on UV erythema (6, 7) . Eyes are good sensing devices for threshold events, but are inadequate in the perception of color difference be tween separate sites or different times, because color per ception is affected by such factors as chromatic adapta tion and the condition of illumination. Therefore, visual evaluation of erythemal intensity is subjective and less pre cise, especially regarding the comparison between the in tensities of developed erythema. Besides, the score deter mination is less quantitative than that which uses continu ous data. The determination of MED is also used for the preventive effect of drugs on UV erythema. However, it is impossible to compare the intensity of developing ery thema using this method, because it is a threshold meas urement. Therefore, this study has been conducted to establish a method to evaluate erythemal intensity objec tively, quantitatively and non-invasively. At first, skin color changes induced by UV irradiation were measured by reflectance colorimetry and were indi cated using a XYZ colorimetric system and L*a*b* color space. In both colorimetric systems, the development of erythema was indicated as an increase in the values in the two coordinates, i.e., x and y or a* and b*. The conver sion of (a*, b*) into (C*, H°) resulted in an obvious and significant increase in the value of C*, while the H° value merely tended to increase slightly without any significant difference from the untreated site at later times.
This increase of C* was UV-dose-dependent, and there was an almost linear relationship between the increase of C* and the logarithm of the UV dose, except at longer exposures at times from 2 to 6 hr after UV irradiation and at the shortest exposure at 24 hr after irradiation. These findings are approximately in accordance with the results reported by Farr and Diffey's group in human skin regard ing Doppler blood flux (13) and erythema index measured by their own originally designed narrow-band reflectance spectrophotometer (23) (24) (25) (26) . It is well known that the evaluation of MED is subjective; especially, interobserver and interanimal evaluations are subject to large variation. When the increase of C* is plotted as a function of the logarithmic UV dose, the value of the x-intercept of the line may be useful as an intrinsic MED evaluated objec tively with constant sensitivity. The slope of the line may also be useful for evaluating the drug effect. The satura tion may show the line to be sigmoidal when it is plotted in a broader range of the logarithmic UV dose.
Significant suppression of UV erythema by indometh acin was detectable with a*, x and C* at 1 3 hr, 0.5 2 hr and 0.5 3 (at 10 mg/kg) or 4 hr (at 15 mg/kg), respective ly. On the other hand, it was not detectable with y and b* values, perhaps because these values showed lower sensitivity to skin color change induced by irradiation than x and a* values, as shown in Table 1 . C* showed the highest sensitivity of these indices. By comparing the time course of C* and that of the visual score in UV-irradiated skin, it was shown that C* continued to increase slightly even after saturation of the visual score. Consequently, at 4 hr after irradiation, the increase of C* was also sig nificantly suppressed by indomethacin at 15 mg/kg, but that of the visual score was not. Therefore, it was confirmed that C* was more sensitive for comparing de veloped erythema than the visual score and was the most suitable of the parameters indicated in this study. Because the changes of H° in irradiated skin were not significant, if necessary, the difference in C*, between UV-irradiated and untreated sites or between post and pre-irradiation measurements, may also be useful as an index of erythemal change. It was suggested by our preliminary study (27) that C* might also be useful as an index for the erythema induced by topical application of a chemical agent such as arachidonic acid or croton oil.
Westerhof et al. (28) reported that the a* value in creased in UV-irradiated human skin. The increase in the a* value after irradiation was in agreement with their ob servation and with our present result in guinea pigs. However, the changes of b* value observed in the present study did not show any agreement with the results report ed by Westerhof et al. (28) . They reported that the b* value did not change significantly in irradiated human skin. This specific difference may be due to the difference of the concentrations of chromophores other than hemoglobin and/or the thickness of each cutaneous layer containing chromophores.
A few quantitative studies on UV erythema in human skin using reflectance spectrophotometry (RS) have been reported (29 31) . In these studies, 'erythema indices' are calculated from special formulas with intensities in some specified spectral components of reflected light. However, there is an opinion that these indices are bound to be over simplifications, because the complexity of the erythemato genic response in the optically complex multilayered sys tem of the skin is difficult to approximate by a formula (28) . We can assume the CIE colorimetric systems are more general indices for quantifying color than these spe cial indices obtained from RS, because they enable us to compare all surface colors. Especially, it is advantageous for pharmacological studies that skin color changes in duced by drug treatment, e.g., those due to local blanch ing with topical drug application (32), should be easily de tectable in CIE colorimetric systems with simultaneous measurement of the unirradiated and irradiated sites. The narrow-band reflectance spectrophotometers constructed for the specific quantification of erythema do not guaran tee to detect or distinguish all skin color changes due to other factors. For example, the narrow-band reflectance spectrophotometer designed by Diffey et al. has detected the intensity of tanning in human skin only as an increase in the erythema index (23, 24) . In contrast, Seitz and Whitmore (33) have reported that the tanning response can be distinguished from the erythemal response in human skin by the color specification with L*a*b* color space. A spectrophotometer measurable over the visible region of the spectrum is usually more expensive than the reflectance colorimeter used in the present study. There fore, it may be considered that reflectance colorimetry is an adequate and convenient method to obtain quantita tive information for the pharmacological evaluation of erythema.
The prominent increase of blood flow in UV-irradiated skin was confirmed by laser Doppler flowmetry (LDF). This result is consistent with the results reported in hu man (9 13) , dog (14) and pig (15) using LDF (11) (12) (13) 15) or other methods (9.10.14). It is well known that LDF is sensitive to blood flow changes in the superficial layers of organs. Therefore, the prominent increase of laser Dop pler flow in the present study may be due to the vascular change induced mainly in the upper dermis by UV irradia tion, which has been confirmed pathologically in our earli er study (16) . Indomethacin significantly reduced this in crease at 2 3 hr after irradiation. This result is essentially similar to the results reported in humans (34, 35) , except for the difference in the time when the diminishing effect of indomethacin was observed, probably due to the differ ence in the time course of erythemal response between the species. It was shown in the present study that the time courses of blood flow change agreed well with those of C* change in both control and indomethacin-administered animals. The increase of the blood flow in UV-irradiated skin correlated well with that of C*, whether indometh acin was administered or not. Therefore, our results ap parently indicate that the increase of C* in irradiated skin reflects that of cutaneous blood flow, that is to say, the erythemal response is mainly due to the change of cutane ous blood flow.
Both the C* value and the laser Doppler flow value are useful for the quantification of UV erythema. To obtain stable data in a guinea pig, anesthesia is needed when measuring by LDF, but it is not required for reflectance colorimetry.
Excess anesthesia may affect cutaneous blood flow and skin color. Therefore, we consider reflec tance colorimetry to be a more advantageous method for pharmacological studies on UV erythema in animals. Fur ther pharmacological studies using C* as an index of erythemal intensity may provide clues for elucidating the developmental mechanism of UV erythema and develop ment of anti-inflammatory drugs possessing a new mechanism of action.
We conclude from these observations that the chroma (C*) of skin color is a useful quantitative index for the pharmacological evaluation of UV erythema, and that the erythemal response is mainly due to the increase in cutane ous blood flow at least until 6 hr after UV irradiation.
